Cross-spectral techniqu~~ have been used to analyze the relationship between gravity and bathymetry on 14 profiles of the HawaIIan-Emperor seamount chain. The resulting filter or transfer function has been u.sed to evalu~te th~ state of iso~ta~y along th~ chain. The transfer function can be best explained by a SImple '!10dell.n whIch the ocea~IC hthosphere IS treated as a thin elastic plate overlying a weak fluid. The best-fittmg estll~at~ of the ~Iastic thic~ness of the plate is in the range 20-30 km. Analysis of individual profiles shows slgmficant dIfferences 10 the elastic thickness along the seamount chain. Relatively low e~timate.s of the elastic thicknc;ss were obt~ined for the Emperor Seamounts north of 40oN, and relatively hIgh estImates ~or the E~peror Seamounts south of 40 0 N and the Hawaiian Ridge. These differences c.annot be explamed by ~ sl~ple ~odel in which. there is a viscous reaction to the seamount loads through ttme. The best e~planatlon I.S a SImple model 10 which the elastic thickness depends on age and hence tempe:ature gradIent of ~he hthosphere. The low values can. be explained if the Emperor Seamounts north of 40 N loaded a rela;lVely young hot . plate,. and the hIgh values can be explained if the Emperor Seamou~ts s?uth of 40 N a~d the HawaIIan RIdge loaded a relatively old cold plate. These estimates of the e!astl~ thIckness along WIth determinations from other loads on the Pacific lithosphere suggest that the elasttc thIckness co~responds closely to the 450 ± 150°C isotherm, based on simple cooiing models. Thus the large defor~atlons and as~ociated .flexural st!ess~ ~> I kbar) at seamount loads do not appear to change appr~lably th.rough tIme. ThIS conclUSIon IS 10 agreement with subsidence data along the seamount cham and WIth some gravity observations in the continents.
INTRODUCTION
The theory of plate tectonics is based on the concept of a strong rigid lithosphere which overlies a weak asthenosphere. This simple model for the mechanical properties of the outer layers of the earth has been known since the pioneering studies of Barrell [1914] and Gunn [1943] . The main argument (for example, Jeffreys [1962] ) for the existence of a strong lithosphere has come from observations that features on the earth's surface such as mountain ranges have been supported for many millions of years. The existence of a weak asthenosphere is implied from observations that large loads on the earth's surface such as deltas are gravitationally compensated. The compensation for these loads is assumed to be accomplished by flow in the underlying weak layer.
The main evidence for the long-term (>IOS years) mechanical properties of the lithosphere, however, has come from studies of the way it responds to surface loads. Studies have now been made of the deformation of the oceanic lithosphere caused by the weight of linear seamount chains [Walcott. 19700; Watts and Cochran. 1974] and individual isolated seamounts [Watts et al., 1975] . In addition, a number of studies have been made of the deformation of the oceanic lithosphere approaching a deep-sea trench [Hanks. 1971; Watts and Talwani. 1974; Dubois et al .• 1975; Caldwell et 01 .• 1976; Parsons and Molnar. 1976] . It now appears that in a number of cases the oceanic lithosphere responds to long-term surface loads in a manner similar to an elastic plate overlying a weak fluid.
An important parameter in loading studies is the flexural rigidity, which is a measure of the stiffness of the lithosphere. The flexural rigidity determines both the amplitude and the wavelength of flexure due to a surface load. By comparing topography and gravity anomaly evidence of flexure to the plate models, a number of estimates of the flexural rigidity of the lithosphere have been made. In the oceans the rigidity is in Union. the range 1()28-1()8' dyn cm and in the continents in the range 1()28-1()8' dyn cm [Walcott. 19700, b; Watts and Cochran. 1974; Watts et al .• 1975; Haxby et al .• 1976] . Since the flexural rigidity is determined mainly by the elastic thickness, these ranges imply a thickness of 5-40 km for the oceanic lithosphere and 15-45 km for the continental lithosphere. The elastic thickness of the lithosphere is therefore much less than the thermal or seismic thickness and corresponds to the depth to which materials behave elastically on long time scales.
One of the most studied surface loads on the oceanic lithosphere is the Hawaiian-Emperor seamount chain in the Pacific Ocean. The earliest gravity measurements [Vening Meinesz. 1941] suggested that the load of the seamount chain was not supported according to the Airy model of isostasy but was regionally supported. Gunn [1943] , Walcott [19700] , and Watts and Cochran [1974] have shown that gravity data are generally consistent with a simple model in which the lithosphere supports the load in a manner similar to a thin elastic plate overlying a weak fluid layer. The seamount chain is a particularly satisfactory load for flexure studies. First, the ages of individual seamounts increase along the chain [Clague and Jarrard, 1973; Dalrymple et al .• 1974] , allowing any effects of a viscous reaction of the lithosphere to the load to be examined. Second, the chain is located in the center of the Pacific plate away from the complexities of plate boundaries.
Previous studies of the Hawaiian-Emperor seamount chain by. Walcott [19700] and Watts and Cochran [1974] ut~ized mamly gravity and bathymetry data. The general procedure was to determine the load from the visible topography and then compute the deformation of the lithosphere by using simple elastic or viscoelastic models. The gravity effect of the load and its compensation were then computed for different values of the flexural rigidity and compared with observed free air gravity anomaly profiles. The value of the flexural rigidity which best minimized the sums of the squares of the residuals between observed and computed gravity anomalies was determined. However, one problem with this approach was that [1976] . The main differences are that cross-spectral techniques are used to compute the transfer function and that many profiles of gravity and bathymetry over the same geological feature are used to obtain smooth spectral estimates. There are three main objectives of the study: (1) to determine the transfer function which best describes the relationship between gravity and bathymetry along the chain, (2) to interpret the resulting transfer function in terms of simple models of isostasy, and (3) to use the preferred model of isostasy to provide constraints on the long-term (> 108 years) mechanical properties of the oceanic lithosphere.
DATA REDUCTION
This study utilizes 14 surface ship free air gravity anomaly and bathymetry profiles (Figure 1 ) of the Hawaiian-Emperor seamount chain. A summary of the instruments and navigation used during each profile is presented in Table 1 .
The overall accuracy of the gravity data depends on the type of instruments and navigation used. Studies of discrepancies of intersecting ship's tracks show small values (0-5 mgal) except for profile 5 which was systematically in error by + 10 mgal. This error was attributed to an incorrect base station value, and the profile was corrected by + 10 mgal. Although systematic errors are important, errors also arise in gravity measurements owing to poor navigation and horizontal accelerations acting on the ship. In general, those cruises which used the improved version of the Gss 2 sea gravimeter or the MIT instrument with satellite navigation should be accurate to about 2-5 mgal. However, somewhat larger errors would be expected for cruises which used the gimbal-mounted LaCosteRomberg gravimeter or celestial navigation.
The gravity anomalies were reduced to the International Reference Ellipsoid (flattening of 1/297.0). However, the choice of a reference ellipsoid is not important, since the mean and trend were removed before the data were Fourier trans- 
where * indicates the complex conjugate. In this case the admittance is given by the cross spectrum of gravity and bathymetry divided by the power spectrum of the bathymetry. 
is important, since we expect that the filter coefficients of the earth filter is real and that the admittance Z(k•) is also real. The phase should therefore be close to zero. The results of the computations are a filter or admittance which reproduces the gravity from the bathymetry over the feature which is being examined. The filter or admittance is based completely on the observed relationship between gravity and bathymetry and is not tied to any isostatic model. However, as was shown by Lewis 
DATA ANALYSIS
The method outlined in the previous section has been used to study the state of isostasy along the Hawaiian-Emperor seamount chain. A total of 14 projected bathymetry and free air gravity. anomaly profiles of the chain were analyzed, each of which extended 400 km on either side of the crest of the seamount chain (Figures 1 and 2) .
The mean and trend were removed from each bathymetry and gravity profile, and a cosine taper was applied before each tObtained by assuming normal probability distribution of sample admittance/true admittance with standard error a. This is approximately valid for a < 0.25 [Munk and Cartwright, 1966, Figure 16 ). For higher a the probability distribution is not normal and is positively biased. and negative for greater depths (Figure 3) . Watts [1976] obtained a 'best-fitting' slope of 22 mgal/km which described the relationship of 5 X 5 ø mean gravity and bathymetry over the Hawaiian swell. The general agreement between the mean values removed from the profiles and this best-fitting slope is evidence that relatively long wavelength features ()• > 1600 km) such as the Hawaiian swell have been removed from the observed profiles.
The resulting gravity and bathymetry profiles were used to obtain 14 independent estimates of the cross spectrum and power spectrum. The smoothed spectra were then used to compute the coherence 'y:, the phase of the admittance, and logx0 of the amplitude of the admittance (Figure 4 , Table 2 ). The relative smoothness of the logx0 admittance plot for 0 < k < 0.55 is evidence that the same signal was present in each profile and that the smoothing procedure satisfactorily reduces (Figures 10 and 11) . The main difference is the increased scatter due to the difficulty of choosing a minimum for some profiles and because amplitude rather than wavelength is emphasized in selecting the best fit. [Shor, 1960] , and this is more easily explained by the plate model.
Woollard [1966] argued that the seismic data do not support flexure models because of thickening of the high-velocity basal crustal layer 3 beneath Oahu. However, Watts et al. [1976] suggested that this might result from the fact that Hawaiian basaltic magma tends to form dense nonvesicular rocks with densities of 2.9-3.0 gcm -8 when it is erupted at depths greater than about I km. If a majority of the Hawaiian Ridge basalts •'Based on magnetic anomaly identifications and tectonic reconstructions in Hilde [1973] . $Assumes a model in which the crust under the northernmost seamounts is Late Cretaceous and that the Emperor trough is a fracture zone offset. those of oceanic layer 3. In the plate model it is assumed that the basalt constitutes a load on the oceanic crust, since it displaces sea water. If basalt is being intruded at depth, it will contribute to the load and cause an additional deflection. (Table 3 ) may therefore be caused by a viscous reaction of the lithosphere to the load of the seamount chain through time.
We can examine this possibility by using a simple viscoelastic (Maxwell) plate model similar to that used previously by Walcott [1970b] and Watts and Cochran [1974] . This model is somewhat limited in its applicability to the lithosphere. The main problem is that it assumes uniform viscosity. More complex models in which viscosity varies as a function of temperature (depth) have not been examined.
The viscoelastic (Maxwell) plate model requires knowledge of the original thickness of the lithosphere at the onset of loading. We will assume that this thickness corresponds to the short-term seismic thickness of the lithosphere. The seismic thickness can be estimated if the age of the lithosphere at the onset of loading is known [Forsyth, 1977] . Therefore the main problem is to estimate the age of the seamount and the age of the underlying oceanic crust.
Even though the age of seamounts along the chain are comparatively well known (for example, Clague and Jarrard [1973] ), the age of the underlying crust is poorly known. Magnetic lineations which can be correlated with the geomagnetic time scale have been mapped at only a few locations along the chain [Hilde, 1973] [1967]) which cannot be explained by models in which they ride passively on the underlying lithosphere and subside as the lithosphere thickens and cools. Although the actual cause of this subsidence is unclear, three main hypotheses can be proposed: (1) viscous reaction of the lithosphere to the seamount loads, (2) subsidence following passage of the Pacific plate over a broad upwelling region in the underlying asthenosphere [Menard, 1973] , and (3) subsidence due to lithospheric thinning following uplift of a broad shallow region associated with a hot spot [Detrick and Crough, 1978] .
This study has shown that gravity and bathymetry data along the Hawaiian-Emperor seamount chain cannot be explained in terms of a simple viscoelastic model for the lithosphere. The problem then is how well the alternative hypotheses for the subsidence explain data along the chain. Although Menard's [1973] is a plausible mechanism, it is difficult to test quantitatively. Detrick and Crough [1978] , however, have shown that the mean depth of the sea floor adjacent to the seamount chain increases exponentially along the chain (from about 3800 rn near Hawaii to about 5400 rn near the Emperor Seamounts), suggesting a thermal origin for the subsidence.
The main difficulty with this hypothesis is the large amount of lithospheric thinning required to explain the observed subsidence. The elastic thickness estimates for the seamount chain can be explained by a simple thermal model for the cooling Pacific lithosphere (Figure 15 ) and do not require that the lithosphere was unusually thin at the time of loading. However, although the amount of the lithospheric thinning is presently unclear, this hypothesis could explain subsidence data along the seamount chain.
Owing to their geological complexity, it would not be expected that there would be any simple relationship between elastic thickness and age for the continents such as appears to exist for the oceans. However, surface loads in the continents have endured for the last 109 years, so the effect of viscous reaction of the continental lithosphere to these loads should be apparent in observed data.
Although there is a large scatter, there is some evidence that different age loads on Precambrian shield areas yield similar Therefore, although there is still some uncertainty, there is evidence that a viscous reaction of the lithosphere to loads may not be occurring on a large scale in the continents, in agreement with the conclusions from the oceans. A viscous reaction to long-term loads may still occur in the continents, however, and further studies are required to examine this.
